The structure of activated pig heart aconitase [citrate(isocitrate) hydro-lyase, EC 4.2. A, and one molecule of the 80,000-dalton protein per asymmetric unit (solvent content, 57% by volume). Assay of the dissolved crystals yields a Fe:S ratio of 3:4 and a specific activity after activation comparable to that of the purified beefheart enzyme (6, 26). Two single crystals 1.5 X 0.5 X 0.3 mm in size were used for data collection. The crystals were mounted in 0.5-mm diameter glass capillaries, wedged between filter paper fibers, and bathed in a degassed synthetic mother liquor containing 2.9 M (NH4)2504, 0.35 M NaCl, 0.015 M tricarballylate, and 0.25 M Bistris buffer (pH 7.0). The open ends ofthe capillaries, already completely filled with synthetic mother liquor, were overlaid with a gas-impermeable oil. Several crystals of Na2S204 and Fe(NH4)2(SO4)2 were then introduced through the oil into the synthetic mother liquor. Upon standing 1 day the crystals bleached from brown to pale yellow, characteristic of the [4Fe-4S]2+ state of the enzyme (11). No further color change was apparent during data collection.
enzyme with Fe2+ under reducing conditions, a [4Fe- 4S] cluster is formed (6) (7) (8) (9) (10) (11) (12) . The fourth Fe added to form the [4Fe-4S] cluster is directly involved in coordinating to substrates (13) (14) (15) (16) . Mossbauer (13, 14) and electron nuclear double resonance spectroscopy in conjunction with 170 and 13C labeling experiments (15, 16) show that the fourth Fe (Fea site, refs. 13 and 14) coordinates one carboxyl of substrate (citrate, cis-aconitate, or isocitrate) (16) . When nitroisocitrate is complexed to reduced activated aconitase both the hydroxyl group and H70 (x = 1 or 2) are bound simultaneously (15) . Kinetic experiments of aconitase turnover in 3H20
suggest that the enzyme traps protons or water from the solvent (17) ; the proton abstracted from substrate is conserved in product by the enzyme (2) . Literature leading to the current mechanistic understanding of the aconitase reaction has been reviewed (18) .
Interconversion of a [3Fe-4S] to [4Fe-4S] cluster has been observed in Desulfovibrio gigas ferredoxin (19) . In addition, the [3Fe-4S] cluster in this protein can incorporate Co2+ or Zn2+ into the fourth site of the cluster (20, 21) . The geometry of the [3Fe-4S] cluster in the 1.9-A resolution structure of Azotobacter vinelandii 7Fe ferredoxin is very similar to that of [4Fe-4S] cubanes (22) (23) (24) , consistent with extended x-ray absorption fine structure results for aconitase (6) and D. gigas ferredoxin (25) .
Recently, the structure of inactive [3Fe-4S] aconitase from pig heart has been solved and refined at 2.1-A resolution (unpublished data). In this paper we report the refined structure of the enzyme at 2. (6) .
METHODS Orthorhombic single crystals of inactive [3Fe-4S] pig heart aconitase were grown as described (26) . The crystals belong to space group P21212 with a = 173.6 A, b = 72.0 A, c = 72.7
A, and one molecule of the 80,000-dalton protein per asymmetric unit (solvent content, 57% by volume). Assay of the dissolved crystals yields a Fe:S ratio of 3:4 and a specific activity after activation comparable to that of the purified beefheart enzyme (6, 26) . Two single crystals 1.5 X 0.5 X 0.3 mm in size were used for data collection. The crystals were mounted in 0.5-mm diameter glass capillaries, wedged between filter paper fibers, and bathed in a degassed synthetic mother liquor containing 2.9 M (NH4)2504, 0.35 M NaCl, 0.015 M tricarballylate, and 0.25 M Bistris buffer (pH 7.0) . The open ends ofthe capillaries, already completely filled with synthetic mother liquor, were overlaid with a gas-impermeable oil. Several crystals of Na2S204 and Fe(NH4)2(SO4)2 were then introduced through the oil into the synthetic mother liquor. Upon standing 1 day the crystals bleached from brown to pale yellow, characteristic of the [4Fe-4S]2+ state of the enzyme (11) . No further color change was apparent during data collection.
Data were collected with a rotating anode x-ray generator (Ni-filtered CuKa radiation, 0.2-mm focal spot) and a Xentronics area detector placed 22 cm from the crystal and equipped with a helium chamber. The data were collected at The total data collection time was 4 weeks. Following collection of each 20 140 run, the crystal was rotated 230 on tF (one-fourth ofthe 900 asymmetric unit) and translated in the beam to a fresh, unexposed region of the crystal. In this way serious decay effects were avoided and on average 10-fold redundancy was achieved in the observations ( Table 1 ). The reflection data were integrated, reduced, merged, and scaled (27) and then scaled to the inactive aconitase data, also collected in similar manner. Scaling was done with an anisotropic shape factor in shells of sin0/A. The activated aconitase data set is essentially complete to 2.6-A resolution with one-half of the data 2.6-2.5 A being observed on average at >3.0 times or(I) ( 
3639
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Refinement calculations were done using the program X-PLOR (28) . The structure of inactive aconitase was taken from the 2.1-A refinement (R factor 0.209, 43,288 independent reflections 2 O0O.F in the resolution range 5.0-2.1 A, 6171 atoms including 322 water molecules with B c 60 A2, and rms deviation from ideality of 0.026 A for bonds). The model was modified with the program Frodo (29) . The amino acid sequence of 755 residues of the pig heart enzyme used in refinement was derived from the DNA (H. Zalkin, personal communication) and the protein (W. E. Brown, personal communication). It should be noted that the N terminus ofthe protein has not been identified from the DNA or protein sequence or in the electron density. Residue 1 in both crystal structures is the first residue for which there is identifiable density. Coordinates of both the activated and inactive structures have been deposited with the Protein Data Bank A complete description of the inactive structure determination will be presented elsewhere.
RESULTS
A difference Fourier map calculated at 2.5-A resolution with coefficients [IFI(activated) -IFI(inactive)] and phases from the refined, inactive aconitase structure revealed a single, positive electron density peak. This peak is shown in Fig. la (Fig. lb) ; however, no ligand was modeled at the fourth coordination site of the cluster. Refinement of the inactive protein structure coordinates against the 2.5-A activated data reduced the R factor from 0.29 to 0.23. Refinement of individual temperature factors further reduced R to 0.20.
Phases calculated from the partially refined activated structure were used to compute an electron density map with the activated data. The Fourier coefficients, 21FOI -IFcI, were weighted by the method of Sim (30) . This map confirmed the [4Fe-4S] model for the activated cluster and also showed a distinct lobe of electron density on the new Fe site (Fe4) (Fig.  lc) . The position of this density is within 1 A of a water molecule placed in the 2.1-A refinement of the inactive structure. This water molecule (W806) was not moved from its position in the inactive structure; a bound SO2-ion present in both structures and additional water molecules observed in the activated structure electron density map were also added to the model. The model was subjected to additional refinement against the 2.5-A activated data. The refined structure including 226 waters and the SO2-with isotropic temperature factors on all 6076 atoms has an R factor of 0.182 for all data .O.OcF in the resolution range 5.0-2.5 A ( Fig. 2 a-f. tBrookhaven Protein Data Bank (Brookhaven Natl. Lab., Upton, NY), File 2ACN.
The position of the new, fourth Fe site in the activated structure of aconitase was confirmed with a Bijvoet difference Fourier map (31) . The anomalous scattering data from the activated crystals to 2.5 A was combined with phases from the inactive structure to give an independent image of the Fe structure (Fig. ld) . Because there is no Fe at the Fe4 site in the inactive structure, this map independently confirms the presence of a [4Fe-4S] cluster in activated aconitase.
The activated enzyme structure is remarkably isomorphous to the inactive structure. The Ca structure of inactive aconitase and the [3Fe-4S] cluster is shown in Fig. 3a in a view into the enzyme cleft. A description of the protein structure will be presented elsewhere. The 755 common pairs of Ca atoms in inactive and activated aconitase differ on average by 0.19 A in the two structures (maximum deviation, 0.47 A). Because these small differences are randomly distributed throughout the molecule, and because the unit cell parameters of the two crystal forms are the same, it is likely that the observed differences in the structures represent no more than random errors in the coordinates at 2.5-to 2.1-A resolution.
The isomorphism of activated and inactive aconitase also pertains to the side chains when the structures are examined in three dimensions. Fig. 3b shows the N, Ca, C, and side chain atoms of 14 active site residues in the two models. Both structures also have in common a bound SO2-and a number of ordered solvent molecules modeled as waters. Four water molecules adjacent to the Fe-S cluster in the cleft in the activated structure (W789, W806, W807, W963) are observed at common sites in the inactive structure (Fig. 3 c and d) S-Fe-Sy bond angles (Table 4) are also similar to those observed in other Fe-S clusters (32) . (13) (14) (15) (16) 18) , the presence of trapped water molecules in the active site cleft, and the absence of any amino acid-in particular, free cysteine-in a favorable position to be a ligand (Fig. 3b) (Fig. 3d) . The pH dependence of kinetic parameters for yeast aconitase suggests that a carboxylate residue may be involved in the mechanism (35) .
Both activated and inactive aconitase structures contain a SO-bound in the active site (Fig. 3 c and d) 
